When Streptococcus faecalis was grown in the presence of protonophores, an ATPase activity of the membrane was increased at a pH below 8.0 but not at a pH above 8.0. Characteristics of this increased ATPase were identical to those of a proton-translocating ATPase (H+-ATPase) located on the membrane of normal cells. The cytoplasmic pH was regulated at 7.6 to 7.8 but was not regulated in the presence of protonophores. The increase in the H+-ATPase was observed when the cytoplasmic pH was lowered to less than 7.6 by the addition of protonophores and was not related to the dissipation of the proton motive force. Thus, we suggest that the H+-ATPase of the membrane is amplified when the cytoplasmic pH is lowered below the pH at which it is regulated under normal conditions.
Streptococci have no respiratory chain and generate a proton motive force by the proton extrusion via a protontranslocating ATPase (H+-ATPase) (7) (8) (9) . Recent studies with Streptococcus faecalis have shown that this enzyme controls the cytoplasmic pH (17, 18) . This enzyme has been well studied. Like a coupling factor (F0Fl complex) of oxidative phosphorylation or photophosphorylation in bacteria, mitochondria, or chloroplasts, H+-ATPase of S. faecalis consists of two parts: Fo and Fl, which contain three and five subunits, respectively (for reviews, see references 1 and 3).
However, regulation of the biosynthesis of bacterial H+-ATPase remains unclear. In 1971, Abrams and Smith (2) reported that H+-ATPase of S. faecalis increased when K+ in the growth medium was lowered to levels insufficient for the maintenance of an optimal growth. By chance, we have found that H+-ATPase of S. faecalis increased when protonophores were added to the growth medium to lower the cytoplasmic pH. In this paper we describe the increase in H+-ATPase effected by lowering the cytoplasmic pH.
MATERIALS AND METHODS
Organism and growth media. S. faecalis (ATCC 9790) was generously supplied by F. M. Harold, National Jewish Hospital and Research Center, Denver, Colo. S. faecalis was grown at 37°C on complex media (medium 2KTY and KTY) as previously described (17) . When S. faecalis was grown at a pH above 7.5, 50 mM Tris was added. The pH of the medium was adjusted by the addition of KOH or HCl.
Preparation of the membrane. Growth of S. faecalis was started by the addition of 40 ml of inoculum (medium KTY) to 2 liters of medium 2KTY, and cells were harvested when the medium pH was lowered as much as 0.2 pH unit. The cell density increased more than fourfold during the incubation. After a wash with a 1 mM MgCl2 solution, cells were suspended in buffer (0.5 M glycylglycine-KOH, 2 mM MgC92, pH 7.2) at 100 mg (wet weight) per ml, and lysozyme (0.5 mg/ml) was added. After an incubation at 37°C for 1 h, the resulting protoplasts were collected by centrifugation at 10,000 x g for 10 min at 4°C and then burst by suspension in * Corresponding author. 1 mM MgCl2. The suspension was homogenized in the presence of DNase (10 ji.g/ml). The crude extract was obtained after the removal of unbroken cells by centrifugation at 5,000 x g for 3 min, and it was then centrifuged at 15,000 x g for 5 min. After two washes with 1 mM MgCl2, the pellet was suspended in 1 mM MgCl2 at 1 to 2 mg of protein per ml. The membrane suspension obtained was passed through a French pressure cell at 10,000 lb/in2 and was used without further fractionation. The membranes were stored at -750C.
Enzyme assay. ATPase activity was assayed in buffer (usually 0.1 M Tris-hydrochloride, 5 mM MgCl2, 5 mM ATP [sodium salt], pH 6.5) as previously described (16) . One unit of ATPase was defined as the amount of enzyme releasing 1 ,umol of inorganic phosphate in 1 min at pH 6.5. Inorganic pyrophosphatase was assayed in buffer (0.1 M Tris-hydrochloride, 2 mM MgCl2, 1 mM sodium pyrophosphate, pH 9.5) as previously described (14) . NADH dehydrogenase was assayed in 0.1 M sodium phosphate buffer, pH 7.4, containing 0.26 mM NADH and 0.085 mM dichlorophenolindophenol as previously described (20) . KCN was omitted from the assay mixture. Alkaline phosphatase was assayed in buffer (50 mM Tris-hydrochloride, 20 mM MgCl2, 5 mM pnitrophenylphosphate, pH 8.5) as previously described (4) . All enzyme assays were done at 37°C.
Measurement of cytoplasmic pH and membrane potential. The cytoplasmic pH was measured with acetylsalicylic acid as previously described (17) with modifications. Acetylsalicylic acid accumulated by cells leaked somewhat during washing at 37°C when a pH gradient was large. Thus, large pH gradients were measured by the following procedure. At zero time, washed cells grown overnight on medium KTY were suspended in medium 2KTY (the medium contained 50 mM Tris at a pH of more than 7.5) at 0.21 to 0.27 mg of cell protein per ml, and then [carboxyl-14C]acetylsalicylic acid (15 ,uM; 34.3 mCi/mmol) was added. The cell suspension was incubated at 37°C, and samples (2.8 ml) were filtered at 20 min through a glass filter (Whatman GF/C; Whatman, Inc.) without washing. The radioactivity on the filters was measured as previously described (17) . A small pH gradient (interior acid), as much as 0.4 pH unit, is generated in the presence of gramicidin D (see Fig. 3 ). Taking this correction, the radioactivity not trapped in the cytoplasmic space was calculated from the value obtained in the presence of grami- cidin D (4 ,ug/ml); the cytoplasmic pH was calculated after subtraction of this value. Small pH gradients were unable to be detected without washing. Thus, such gradients were measured by using a membrane filter (Millipore Corp.) with washing, as previously described (17) . In brief, portions (500 ,ul) of the cell suspension as described above were filtered at 20 min through a Millipore filter (pore size, 0.45 ,um), and the filters were washed twice with 2 ml of the same medium. Membrane potentials were measured as previously described (17) , except that medium 2KTY was used instead of the buffer and the cell suspension was incubated at 37°C. S. faecalis grew during this incubation at 37°C for 20 min. Therefore, the concentration of the cellular protein and the pH of the suspension measured at 20 min were used for the calculation of cytoplasmic pH and membrane potential. An internal water space of 3 p1/mg of protein was used (18) .
Other procedure and reagents. Protein was determined by the method of Lowry et al. (19) (12) . Other reagents used were of analytical grade.
RESULTS
Increase in ATPase activity in cells grown in the presence of protonophores. The initial observation was that the membrane of S. faecalis grown at pH 7.4 to 7.2 in the presence of gramicidin D had a very high activity of an ATPase (Table 1) . ATPase activity of the membrane was also increased when the cells were grown in the presence of CCCP instead of gramicidin D (Table 1) . These drugs added to the assay mixture had no effect on ATPase activity.
In addition to the membrane fraction, ATPase activity of the crude extract fraction of such cells also increased (Table  1) . Furthermore, the recoveries of ATPase activity from the crude extract to the membrane fraction were equal in cells grown both in the presence and in the absence of gramicidin D (data not shown). Thus, it was unlikely that the increase in ATPase activity of the membrane was caused by changes in the location of the enzyme during preparation of the membrane.
We next characterized this increased ATPase. The pH optimum of the increased ATPase activity was identical to that of the basal one (Fig. 1) . Furthermore, both the in- creased and basal ATPase activities were inhibited equally by N,N'-dicyclohexylcarbodiimide (Fig. 1) . The Km values for ATP of the increased and basal ATPases were the same (1.7 mM) (Fig. 2) . Thus, these results indicate that the increased ATPase is the same enzyme as the basal ATPase rather than an altered enzyme.
The main ATPase of the membrane of S. faecalis is a protontranslocating ATPase (H+-ATPase). The membrane of S. faecalis has the other ATPases, Na+-ATPase (11) and K+-ATPase (13), but these activities are very low as compared with the activity of H+-ATPase. Thus, we suggest that Increase in H+.ATPase is dependent on cytoplasmic pH. There are two possibilities to account for the increase in H+-ATPase of the membrane. First, the elevated activity of H+-ATPase is the result of the absence of the proton motive force. S. faecalis controlled the cytoplasmic pH at 7.6 to 7.8 when the medium pH was 7.0 to 8.0, but the pH was not controlled in the presence of gramicidin D (Fig. 3) . Second, H+-ATPase increases when the cytoplasmic pH is low.
The addition of gramicidin D to the growth medium increased the activity of H+-ATPase at a pH below 8.0 but not at a pH above 8.0 (Fig. 4) . The cytoplasmic pH was lowered to less than 7.6 by the addition of gramicidin D at a pH of less than 8.0, whereas the pH was not affected significantly by gramicidin at a pH of more than 8.0 (Fig. 3) . Similar results were obtained with CCCP (data not shown). The generation of the proton motive force was inhibited completely by these drugs at any pH tested (data not shown). Thus, H+-ATPase increased only when the cytoplasmic pH was less than 7.6 in the absence of the proton motive force.
When S. faecalis was grown without ionophores, ATPase activity of the membrane was the same in cells harvested at pH 7.3 to 8.5 and was higher in cells harvested at a pH below 7.0 (Fig. 4) . The cytoplasmic pH was controlled at 7.6 to 7.8, and the pH decreased gradually as the medium pH decreased to less than 7.0 (Fig. 3) . In contrast, the proton motive forces measured under the same conditions were -140, -95, and -50 mV at pH 6.0, 7.3, and 8. (6, 9, 17) . It previously was shown that the presence of more than 0.5 mM potassium ion is required for normal regulation of the cytoplasmic pH (17) . Therefore, it is possible that the increase in H+-ATPase observed by Abrams and Smith (2) was caused by the low pH of the cytoplasm. It should be noted that a higher membrane potential is generated when the external concentration of potassium ion is low (5, 6, 15) .
It has been proposed previously that the prinmary function of proton extrusion by H+-ATPase is the regulation of cytoplasmic pH (17, 18) . Of course it is true that S. faecalis has many transport systems driven by the proton motive force (7) . Our point is that such systems use the proton motive force generated as the result of pH regulation. Harold and Van Brunt (10) have concluded that the proton circulation that drives transport systems is not obligatory for bacterial growth in S. faecalis. However, maintenance of the cytoplasmic pH at a constant value is essential for growth of these cells (10, 17, 18) .
For maintaining the cytoplasmic pH at 7.6 to 7.8, cells expel protons at pHs of less than 7.6, and then the extrusion diminishes after the cytoplasmic pH reaches 7.6. However, if it is difficult for the cytoplasmic pH to be raised to more than 7.6, more proton pumps should be required to maintain the cytoplasmic pH at 7.6 to 7.8. We suggest that this is the reason for the increase in H+-ATPase during growth at a low cytoplasmic pH. Although growth in the presence of ionophores is far from physiological, there are natural situations in which it is difficult to control the cytoplasmic pH, such as in low potassium media. Therefore, it would be advantageous for S. faecalis to be able to amplify H+-ATPase when the cytoplasmic pH is low.
To our best knowledge, this paper is the first to suggest a regulation of gene expression by cytoplasmic pH. Further studies on this matter are in progress.
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